Empirical bond length -bond valence relations provide insight into the link between structure of and ion transport in solid electrolytes. Building on our earlier systematic adjustment of bond valence (BV) parameters to the bond softness, here we discuss how the squared BV mismatch can be linked to the absolute energy scale and used as a general Morse-type interaction potential for analyzing low-energy pathways in ion conducting solid or mixed conductors either by an energy landscape approach or by molecular dynamics (MD) simulations. For a wide range of Lithium oxides we could thus model ion transport revealing significant differences to an earlier geometric approach. Our novel BV-based force-field has also been applied to investigate a range of mixed conductors, focusing on cathode materials for lithium ion battery (LIB) applications to promote a systematic design of LIB cathodes that combine high energy density with high power density. To demonstrate the versatility of the new BV-based force-field it is applied in exploring various strategies to enhance the power performance of safe low cost LIB materials (LiFePO 4 , LiVPO 4 F, LiFeSO 4 F, etc.).
INTRODUCTION * * * *
Understanding ionic motion in disordered solids obviously requires insight into the correlation between ion mobility and the structural and energetic local environment of the mobile ions. Local structure models for disordered solid electrolytes such as ion conducting glasses may in principle be derived from diffraction data (crystal structure refinements for crystalline phases or reverse Monte Carlo (RMC) fitting for glassy phases) or molecular dynamics (MD) simulations [1, 2] . In principle, MD simulations permit to derive comprehensive structural and dynamical information within the limitations imposed by the system size, the simulated period and the agreement of the employed interaction potential parameters with reality. Effectively both approaches have shown to be valuable tools in obtaining insights into the conduction mechanism and its correlation to the atomic structure, though in the case of MD simulations it has to be verified that the force field chosen for the simulations leads to structure models that are consistent with experimental information [2] [3] [4] .
In this work, we discuss how the bond valence (BV) method can be used to predict characteristics of ionic conductivity from structure models [4] [5] [6] [7] , and be optimized by linking it to an absolute energy scale for a more straightforward comparison with other atomistic simulation and modelling approaches.
EXPERIMENTAL METHODS
Empirical relationships between bond length R and bond valence s A-X = exp[(R 0 −R)/b] are widely used in crystal chemistry to identify plausible equilibrium sites for an atom in a structure as sites where the BV sum of the atom matches its oxidation state (see e.g. the recent review by Brown [5] and references therein). In our earlier work, we introduced a systematic adjustment of BV parameters to the bond softness [6] [7] [8] [9] , which together with the inclusion of interactions beyond the first coordination shell permits more adequate estimates of non-equilibrium site energies. The inclusion of weak interactions to more distant counterions beyond the first coordination shell is indispensable for modelling ion transport pathways as it avoids artefacts in the BV variation, when an ion moves across the border of its coordination shell. Low BV sum mismatch (and hence low energy) pathways for a cation A + can then be modelled as regions in the structure, where the bond valence sum V(A)= Σs A-X (summing up over all adjacent counterions X) approaches the ideal valence V id (A) (i.e. its oxidation state).
To enhance chemical plausibility "BV mismatch landscapes" |∆V(A)| various additional penalty functions p A-X have been introduced that (i) discriminate against sites, where a matching V(A) is achieved by strongly asymmetric coordinations (details are described in [3, 6] ) and (ii) exclude sites close to other (immobile) cation types. The cationcation penalty functions may simply take the form of exclusion radii, but truncated Coulomb repulsions yield a more physical description. Interactions among mobile cations are intentionally left out at this stage. While it is obvious that a higher BV mismatch implies an energetically less favourable state, a direct link of the type
remained to be established [4] . In eq. (1), E asym represents an energy penalty term due to the asymmetry of the coordination of the considered ion and E rep the (Coulomb) repulsion between mobile and immobile cations.
RESULTS AND DISCUSSION

Bond valence based force field
An empirical approach to assess the coefficients D 0 and g of eq.
(1) as well as a suitable functional form for E asym may start from comparing the interaction distance dependence of the BV sum mismatch with the distance dependence of interaction energy in empirical interatomic potentials. The variation of an individual bond valence can be integrated in a Morse-type potential
with the BV parameter b = 1/α, implying that the interaction energy E can be approximated as a quadratic function of the deviation of the BVsum from its value s min = exp[(R 0 -R min )/b] for the energy minimum distance (R = R min ) and hence the parameter g in equation (1) 
The Morse-type interaction potential expressed in eq. (2) is characterised by the three parameters D 0 , R min and α that have to be linked to the BV parameters. As mentioned above, α can simply be identified with 1/b. A tentative approach to establish a consistent set of R min (or s min ) values may be expressed as
where CN refers to the preferred coordination number of the central ion (for examples see Table 1 ) and the empirically determined term in square brackets accounts for the effect of polarisation (σ A , σ X refer to the absolute softnesses of the cation and anion, respectively; see e.g., ref. [8] ) as well as the influence of higher coordination shells.
For the Morse-type interaction potential expressed in eq. (2) In contrast to the conventional BV sum mismatch description, such BV interaction potentials of the type described in eqs. (2) or (3) fulfil the formal requirements for an anharmonic diatomic interaction potential, allowing for a molecular dynamics simulation based on BV parameters. Due to the ready availability of BV parameters for a wide range of cation anion pairs this might be an attractive option. In table 1 we list as an example parameters derived by the above formalism from our respective softBV bond valence parameters [8, 9] for the interaction of 147 cation types with O 2-in compounds that do not contain other types of anions. With these definitions of the energy of a single bond, the total site energy E(A) of a cation A, can then be determined as the sum over BV terms for the interactions with each of the N adjacent anions X i :
By rewriting eq.(6) it becomes obvious that the total potential energy varies with both the mismatch of the bond valence sum and the asymmetry of the coordination. This allows to quantify the correlation between 1. the bond valence sum rule [10] , stating that that the sum of the bond valences around an atom is equal to its atomic valence; and 2. and the equal valence rule [10] , which states that the sum of the bond valences around any loop is zero, is that the most symmetric distribution of atomic valence among the bonds is energetically preferable. If for the sake of simplicity only contributions from the N C counterions of type X in the first coordination shell around the cation A are considered in the derivation, the correlation takes the simple form of eq. (7):
where V min (A) = N C × s min in the first term (the BV sum mismatch term), while the second term (the asymmetry term) quantifies the effect of the deviation of individual bond valences from their average values A-X = V(A)/N C [4] .
A major advantage of such an energy-scaled BV mismatch is that it allows straightforward combinations of the BV sum term as an effective "attraction term" with suitably weighted penalty functions for coordination asymmetry and particularly a Coulombic cation-cation repulsion. To model Coulomb repulsion we will throughout this paper use fractional charges q A , q X that are calculated based on the formulas
in which N Ai , N Xj refer to the occupancies of the i-th cation A i or the j-th anion X j in the structure model (typically 1). This scaling of fractional charges ensures that the model is overall charge-neutral. Obviously, fractional charges from quantum mechanical calculations could be used instead and may improve the quality of the fit, but at the expense of suitability of the approach for the fast and automatic generation of force-fields for screening of a wide range of compounds. The Coulomb repulsions e.g. between immobile A 1 and mobile A 2 cations are then taken into account in a screened version E Coulomb (A 1 -A 2 ):
The screening factor ρ A1-A2 = (r A1 + r A2 ) f therein is assumed to equal the sum of the covalent radii r Ai of the two ions involved times a factor f that depends on the average absolute cation electronegativity and the average cation charge in the compound. Typical values of f in ternary and quaternary lithium oxides fall into the range 0.74 ± 0.04 and thereby typical values of ρ are of the order of 2 Å. While this simplification restricts long range interactions to the real part of the Ewald sum, this localized interaction model has been shown to lead to realistic activation energies of diffusion e.g. for a range of Li conducting oxyacid salts [11] [12] [13] . Due to the favourable convergence of the chosen interaction model a relatively short cut-off radius (8-10 Ǻ) could be generally used enhancing computational efficiency.
Bond valence Lithium migration maps
Regions in the structure model, where E(Li) assumes low values, are -as mentioned aboveassumed to belong to (BV models of) pathways for Li + ion migration. It is assumed that dc conduction requires continuous pathways across the unit cell in at least one dimension. These pathways are visualized as regions enclosed by isosurfaces of constant E(Li) based on calculations of E(Li) for a grid of hypothetical Li positions covering the entire unit cell with a resolution of ca 0.1 Å. The threshold value for which isosurfaces of E(Li) form a continuous migration pathway (that includes both occupied and vacant Li sites), permits a rough estimate of the activation energy for the Li + ion migration. As such an approach neglects relaxation, the assessment of the activation energy is based on an empirical correlation observed for a wide range of Lithium ion conductors. The analysis reveals significant differences to results from a recent geometric Voronoi-Dirichlet partition based study of cages and channels in crystalline Lithium oxides by Anurova et al. [15] , which are particularly pronounced for the 33 types of ternary oxides listed in [15] as containing 1D Li pathways: In our BV based models 1D migration channels with low to moderate activation energies are observed for 19 of these structures only, while 3 exhibit 2D pathways (LT-LiPO 3 , Li 2 ) and the structure models employed in [15] are questionable or implausible or do not yield any paths in further six cases. One of the main reasons for these deviations is the complex curved nature of the higher-dimensional paths, which are difficult to identify based on a geometric approach that emphasises straight channels. Unsurprisingly the agreement is much better for the structure types suggested to be 2D-or 3D conductors in ref. [15] . The main difference is however that the pathway analysis yields energy thresholds along the pathways and hence allows a direct assessing of activation energies (Fig. 1) . 
Fig. 1. Examples of isosurfaces of constant E(Li)
as bond valence models of Li + ion migration pathways in ternary oxides. In each graph three isosurfaces corresponding to increasing site energies are superimposed (red, magenta, light blue). Li atoms are indicated as blue crosses and labelled. Other atom positions are indicated by line or stick models. Labels below each graph indicate the respective compound name, space group and ICSD database [14] code of the underlying structure data.
Pathways in high energy Lithium-ion battery cathode materials LiFeSO 4 F and LiVPO 4 F
Framework materials based on phosphate and sulfate polyanion building blocks are increasingly regarded as favorable replacements for conventional oxide-based cathode materials in lithium-ion battery applications. The lithium insertion phases LiFePO 4 and Li 3 V 2 (PO 4 ) 3 were the first of such materials identified and characterized. Recently, a few groups have described the insertion properties of the lithium vanadium fluorophosphates, LiVPO 4 Here we investigate the characteristics of Li + ion migration pathways in LiVPO 4 F and LiFeSO 4 F using the bond valence (BV) approach and molecular dynamics simulations. Based on a snapshot of the relaxed MD simulated supercell at 300 K an average crystal structure model is constructed by projecting the positions of all atoms back into a single unit cell. The resulting structure model ( Fig. 2-3 ) closely resembles the published preliminary XRD data. Besides a minor rotation of SO 4 2-the main difference is in the Li + distribution, which is characterized by a pronounced disorder along channels extending in the (Fig. 3) . Static BV models for the Rietveld-refined and our MD simulated structure models [13] Simulations were based on a 3a×3b×3c supercell of the conventional setting. Note that the [111] diection in LiFeSO 4 F corresponds to the c-diection in LiVPO 4 F. Geometry was optimized at T= 300 K. NVT MD simulations were performed at 300K to 1000K in intervals of 100K. At each temperature structures are equilibrated, followed by 2 ns production runs in 2 fs time steps. The diffusion co-efficients obtained from the slopes of the mean square displacement-vs.-time curves of simulations for T ≥ 600 K for individual directions indicate that the mobility of Li+ is somewhat higher along the z-axis, while the activation is nearly the same (ca.0.5 eV) along all axes (Fig. 4) .
BV models of the Li+ ion migration pathways in LiVPO 4 F suggest that the continuous pathway of lowest activation energy corresponds to a zig-zag shaped 1-D pathways along the z-axis (Fig. 5a-d ). heterostructure ensembles are equilibrated in NPT simulations over 600ps. The relaxed volume is then fixed and equilibration continued for 150ps at each temperature followed by 600 ps (for T=600-1000K), 1 ns (for T=500K), or 3ns (for T = 400-300K) production runs in 1.5 fs steps [11, 13] . When constructing the interface model based on relaxed structure models of LiFePO 4 and glassy Li 4 [24] , but considerably higher than values reported by Li et al. [25] . The simulated E A = 0.57eV for bulk Li .99 FePO4 is consistent with findings of various experimental and theoretical studies. A BV pathway analysis for both time-averaged and snapshot-type structure models of fully ordered LiFePO 4 harmonizes with ab initio studies in yielding zig-zag shaped one-dimensional Li + pathways ||b. The apparent contradiction to some of the experimental conductivity data implying a 2D nature of the Li + motion motivated our study to which extent local structure models that include likely defect scenarios affect the expected pathway dimensionality.
MD simulations of LiFePO
Due to the moderate energetic disadvantage of antisite defects (≈1.1 eV) [26] some antisite defects will even occur in equilibrated samples, but concentrations in real samples will be significantly higher due to the common sample non-equilibrium preparation routes and the vicinity of surfaces or interfaces. Antisite defects in LiFePO 4 have recently been visualized by scanning transmission electron microscopy [27] . As seen from BV pathway models (Fig. 7 a-d) As to be seen from the BV pathway models in Fig. 1 a, b for a model containing a single antisite defect pair, this defect affects the local Li This can also be seen in MD simulations for elevated temperatures (Fig. 7c,d ). For sufficiently high antisite defect concentrations this may lead to long-range Li + transport perpendicular to the channels. Our Monte Carlo-type simulations suggest that the defect concentration required for a 2D percolating Li + pathway cluster can be reduced to about 2.2% if a significant energetic preference for the formation of antisite defect pairs close to existing defects is assumed in line with the experimental TEM findings. Extraordinarily high (dis)charging rates were recently observed for cathodes with the nominal composition LiFe 0.9 P 0.95 O 4−δ [28] . Electron microscopy showed that the ca. 50 nm thin nanocrystals are phase segregated into Li x FePO 4 and a surface layer of glassy Li 4 P 2 O 7 (or a similar composition) [28] [29] [30] . The phase segregation might also involve iron phosphides and/or Fe 3+ in the glass, which would raise the electronic conductivity. Our MD simulations show that D (Li) ||b in the LiFePO 4 layer is enhanced by ca. 3 orders of magnitude for typical working temperatures (Fig. 8) . D (Li) ||b in delithiated heterostructures is similar to the value for x ≈ 1, while the anisotropy is less pronounced. Due to the reduced activation energy (= migration energy = 0.31eV for 300K ≤ T ≤ 700K), the conductivity enhancement practically vanishes for T > 700K, where E A approaches the bulk value. Li + ions are significantly enriched on the Li x FePO 4 -side of the interface and depleted on the Li 4 P 2 O 7 glass side (Fig. 9) . The overall Li + concentration in the Li x FePO 4 layer increases by 4-7 % ("x=1") or 17-37% ("x=0.06") significant violation of local electroneutrality within each phase. The change in the extent of Li + redistribution with x implies a fast pseudo-capacitive energy storage component. Moreover, antisite formation near the interface boosts Li + mobility ⊥b and promotes a full utilization of the (dis)charging capacity (but slows down transport || b). A layer-bylayer analysis of Li + displacements reveals that Li + mobility ||b is enhanced in the interface region (compared to bulk values) by a factor of 60 (T=600K) to ca. 3000 (T=300K) in harmony with the maximum of the volume fraction of low BV mismatch regions at the interface (Fig. 6) Fig. 10 by the variation of the volume fraction accessible for Li + migration. 
CONCLUSIONS
The bond valence approach has been reworked into an effective local force-field that can be used both to analyse ion transport pathways and fo Molecular dynamics simulations. LiFeSO 4 F and LiVPO 4 F are thereby found to be quasi-one dimensional Li + ionic conductors (along channels that for LiFeSO 4 F extend along [111] ). The experimental activation energy and power performance is however controlled by the moderate activation energy for transport perpendicular to the low energy pathways, which (as typical for 1D pathway channels) will in most cases be blocked by defects. The blocking could be overcome by nanostructuring.
The approach can also help to understand the effect of homogeneous and heterogeneous defects on the ionic of LiFePO 4 , highlighting that the dimensionality of ionic motion will depend on the concentration and spatial distribution of antisite defects. 
